The Kissinger-type formula, dX/dt=A(1-X)exp(-Ed/RT), which was thought to be applicable only in detrapping-controlled desorption has proved to be applicable also in the case of diffusion-controlled desorption under certain conditions including existence of effective diffusion coefficient or assumption of Oriani's local equilibrium and pre-exposure of hydrogen before temperature ramp. Analysis indicated that the constant A depends on the specimen geometry and the pre-exponential factor of effective diffusion coefficient. Numerical verification has been carried out by comparing the simulation result of Kissingertype formula with that using the rigid McNabb-Foster model for typical specimen geometry including plate, cylinder and sphere. The merit of using this formula lies in its simplicity in numerical simulation of the thermal desorption spectrum with an accuracy as high as that based on the M-F model. Two different derivative forms of the Kissinger-type formula, i.e. the Choo-Lee plot d[ln (φ/Tp
Introduction
Delayed fracture of steel is caused by hydrogen that is introduced in the material during high temperature process or from environment during service. 1) Hydrogen absorbed into the material is accumulated in various kinds of lattice defects such as vacancies, dislocations, grain boundaries, precipitate interfaces and microvoids etc. Among these lattice defects some may cause embrittlement when hydrogen accumulates while others may possess a beneficial effect to act a reservoir to alleviate hydrogen accumulation at detrimental traps. The most important factor governing the hydrogen distribution in lattice containing defects is the trapping property of these defects. One of the techniques to deduce the trapping property of defects is thermal desorption spectrometry analysis (TDA). The desorption rate of hydrogen diffusing through lattice containing defects is controlled by the trapping and detrapping energies, the amount of defects, and so on. Generally, desorption rate of hydrogen from a given specimen can be predicted by diffusion equation incorporating the trapping effect of these lattice defects. Diffusion equations based on the McNabb-Foster (M-F) model 2) which are expressed in Eqs. (1) and (2) are widely accepted where c is the hydrogen concentration in the lattice, Nt is the density of trap sites, θt is the occupancy fraction at the trap site, DL is the diffusivity of hydrogen in normal lattice. k and p represent the probability of hydrogen jumping from the lattice to trap sites and the probability of releasing hydrogen from trap sites, respectively. (4) where EB is the binding energy of hydrogen to the trap site, ED is the activation energy of lattice diffusion, and Ed(=EB+ED) is the activation energy of detrapping.
Although the M-F model provides a general method to predict the desorption rate or simulate the thermal desorption spectrum, it is not easy in practice to solve the diffusion equations since complicated numerical calculation is need- where X is the fraction of hydrogen released from the trap site, A is a constant, R is the gas constant and T is temperature. This equation is known as Kissinger formula originally intended for the description of surface reaction of gas molecules on the solid surface. 3, 4) From this equation, the peak temperature Tp at which hydrogen evolution rate passes through a maximum satisfies the equation, where φ is ramp rate. Hence, the detrapping energy can be determined from the slope of ln(φ/T p 2 ) vs 1/Tp plot, which is known as Choo-Lee plot 5) and is widely used for the evaluation of trap energy.
In another extreme case in which the Oriani's local equilibrium between traps and lattice is assumed, the McNabbFoster equation, Eq. (1), can be simplified to an ordinary diffusion equation with an effective diffusivity replacing the diffusivity on the right hand side. 6) As far as desorption activation energy is concerned, in the frame of diffusioncontrolled desorption, Lee and Lee 7) derived another equation similar to Eq. (6) and claimed that the desorption activation energy can be determined from the slope of ln(φ/Tp) vs 1/Tp plot, noticing that ln(φ/T p 2 ) in the Choo-Lee plot is substituted by ln(φ/Tp). Obviously, the Lee-Lee and the Choo-Lee plots contradict with each other. It is necessary to resolve which is correct in the analysis of trap energy. Before discussion of the difference between the two plots we like to point out that the Choo-Lee plot and the Kissingertype formula are based on a detrapping-controlled desorption and thus there remains a question about whether or not the Choo-Lee plot and the Kissinger-type formula are also applicable in a diffusion-controlled desorption.
In contrast to the Kissinger formula, the general M-F equation does not require a condition on the character of desorption of either detrapping-or diffusion-control. Desorption rate can be determined by numerically solving Eqs. (1) and (2) under appropriate boundary conditions and trapping parameter assumption. However, difficulty in solution of the M-F equation which is usually only possible by numerical calculation restricts its extensive application. Additional assumptions like detrapping-controlled desorption or local equilibrium are usually made for practical application as mentioned above. In practice, it is desirable to use a simple model instead of the general but too complicated M-F model to analyze a thermal desorption spectrum. Such an attempt has been made recently by the present authors. 8) Extension of the simple Kissinger-type formula to diffusion-controlled desorption has a great merit that it is easy to determine trapping parameters experimentally and numerically irrespective of detrapping-or diffusion-controlled character with an accuracy as high as that using the M-F model. Analysis of linkage of the formula with diffusion and comparison of numerical result on a cylinder specimen with that using the M-F showed an excellent agreement on simulation of the thermal desorption spectra for typical detrapping-and diffusion-controlled desorptions provided that chosen parameter values satisfy each condition. However, only a qualitative consideration was given to the limit of applicability of the formula in the authors' previous paper.
The present work continues to verify the validity of the Kissinger-type formula in simulation of thermal desorption spectrum on the types of specimens of plate and sphere besides cylinder. After a description of the relation between the Kissinger-type formula and diffusion-controlled desorption, an emphasis is put on the limit of the validity of the formula on a semi-quantitative manner when it substitutes the M-F model to describe a thermal desorption spectrum. Another purpose is to examine whether the Choo-Lee equation or the Lee-Lee equation is applicable in the case of diffusion-controlled desorption.
Derivation of Kissinger-type Formula for Diffusioncontrolled Anisothermal Hydrogen Desorption
According to Oriani, 6) as long as local equilibrium of hydrogen is maintained between the lattice and the trap sites, the effective diffusivity of hydrogen is given by the equation, (7) where NL is the number of lattice sites. At higher temperatures due to usually very small Nt/NL values it is approximately equal to DL. In contrast, at lower temperatures the 2nd term in the denominator becomes predominant and Deff is given by the equation, (8) where D0 is the pre-exponential factor of lattice diffusivity. It is often orders of magnitude smaller than the lattice diffusivity at low temperatures.
In an anisothermal process, in which the diffusivity is time-dependent, it is a common practice to define dimen (9) where a is the size of specimen, i.e. half-thickness for plate (denoted d) or radius for cylinder and sphere (denoted r0), and t is time. where the Laplacian is written in terms of dimensionless distance, ξ=x/d for plate specimen and ρ=r/r0 for cylindrical and spherical specimens. Thermal desorption analysis is usually performed in vacuum (Q-mass) or an atmosphere without hydrogen (gas chromatography). Thus, the hydrogen concentration at the specimen surface can be set to zero as follows,
Since the diffusivity is not contained in Eq. (10), or it is apparently a constant (=1), the solution for isothermal diffusion can be utilized. Only an equation for cylinder is recapitulated as, ........ (12) where c0 is the initial concentration which is assumed to be uniform within the specimen, J0 and J1 are, respectively, the Bessel function of the first kind of order zero and the first order, and the αn's are roots of J0(αnr0)=0. After a sufficiently long time, at which the 2nd and higher order terms are no longer significant, the remaining hydrogen content in the specimen is expressed by the equation, . Coefficients for plate, cylinder and spherical specimens are shown in Table 1 .
Replacing the left-hand side (c -/c0) of Eq. (13) (14) Hence, ... (15) where A=CD0NL/Nta 2 . This indicates that as long as the temperature is not too high and the effective diffusivity is expressed by Eq. (8) the evolution rate follows the Kissingertype equation during thermal desorption analysis. This equation can also be derived from the equation of hydrogen evolution rate by Ono and Meshii which takes into account the time dependent diffusivity (Eq. (7) in Ref. 10)), by replacing Eq. (8) for Deff. 11, 12) One may argue that the original Kissinger formula was proposed for desorption of gas molecules from the solid surface and does not deal with diffusion. However, the above derivation indeed indicates that the Kissinger-type formula can represent the desorption rate of hydrogen during thermal analysis which involves detrapping and lattice diffusion, albeit with coefficient A dependent on specimen size and trap site density. This is practically important because one can evaluate the trap parameters in principle by a single TDA spectrum provided that the requirements of the first order approximation of hydrogen distribution, Eq. (13), and the existence of effective diffusivity, Eq. (8), are satisfied.
Procedure of Fitting with Kissinger Formula
TDA peaks were produced by finite difference simulation by M-F model, Eqs. (1) and (2). The finite difference formulae of these equations with dimensionless variables for cylindrical specimens have been presented elsewhere.
13) The corresponding formulae for plate and sphere are readily obtained by modification of the first derivative term in the Laplacian of Eq. (10) with respect to the radial coordinate. The initial hydrogen content was 1 ppm and the hydrogen concentration was assumed to be in equilibrium between the lattice and the trap sites at the start of simulation. The trap site density was assumed to be Nt=4×10 24 m -3 throughout the paper which is equivalent to ten trap sites per atom length of dislocations of 10 14 m -2 and accommodates ca. 10 ppm hydrogen if all sites were occupied. The lattice diffusivity of hydrogen proposed by Hagi 14) (D0=5.8×10 -8 m 2 /s and ED=4.5 kJ/mol) was employed in the calculation.
The curves simulated by M-F model were compared with those produced by Kissinger-type formula with the same detrapping energy and theoretically derived A value. It is equal to p0 in the detrapping-controlled condition, while it is shown below Eq. (15) in the diffusion-controlled condition. The calculation was initiated at a sufficiently low temperature which ensured that the fraction of released hydrogen and evolution rate are both zero. Then, the temperature was raised successively by φΔt, where Δt is the real time step. The fraction of released hydrogen at the (i+1)-th time step Xi+1 was calculated from the equation, .... (16) where Ti=iφΔt is the temperature at the i-th time step.
Fitting with Kissinger Formula in Detrappingcontrolled Condition
Although fitting with Kissinger formula in detrapping-controlled desorption looks trivial, Figs. 1(a) and 1(b) illustrate the spectra of plate, cylindrical and spherical specimens at the ramp rate of 100°C/hr calculated by both the M-F model and the Kissinger formula. A relatively lower binding energy EB=40 kJ/mol and a low p0 value of 30 s -1 (k0 was calculated from the relationship k0=p0/NL) are adopted because close values are often used to simulate experimental TDA peaks of martensitic steels. The primary trap sites in these steels are considered to be dislocations, lath boundaries, martensite packet and prior austenite grain boundaries. 13, 15) As expected, the simulated spectra fit very well at a small specimen size (a=10 -3 m) while a significant amount of deviation, increasing in the order of sphere, cylinder and plate, is observed at a large specimen (a=5×10 -3 m). Detrappingcontrolled desorption has to meet two requirements. One is that re-trapping occurs less frequently. Thus, the ratio of trapping (k term in the r.h.s. of Eq. (2)) to detrapping frequencies (p term) was calculated. This ratio is identical to c/cLE, where cLE=NLθLE is the hydrogen concentration in the lattice at equilibrium with trap sites. Indeed, Fig. 2 shows that for specimen of a=5×10 -3 m this ratio is considerably (17) hold during temperature ramp. Since re-trapping does not occur due to the 1st requirement, the lattice diffusivity is relevant. As shown in Fig. 3 , this condition is not satisfied in a=5×10 -3 m specimen at φ=100°C/hr or higher. As seen in Fig. 4 , the Choo-Lee plot deviates significantly from the straight line expected from pure detrapping-controlled condition (Ed=EB+ED=44.5 kJ/mol, solid line), which decreased the overall slope as low as 40.4±0.6 kJ/mol. In contrast, the peak temperatures of a=10 -3 m specimen which all satisfy Eq. (17) do exhibit a slope of 44.1±0.6 kJ/mol.
For trap of a larger binding energy Eq. (17) is apparently satisfied. However, the ratio of re-trapping to detrapping frequencies does not decrease, but tends to increase because p decreases faster and thereby, Eq. (17) which involves only DL no longer is applicable. As a result the slope of ChooLee plot begins to deviate at a lower ramp rate. Hence, not only the diffusion time but also c/cLE ratio have to be small in order to correctly deduce the detrap energy in the detrapping-controlled desorption. Small specimen size and slow ramp rate are preferred to make both of them small. 
Fitting with Kissinger-type Formula in Diffusioncontrolled Condition
In the diffusion-controlled condition a TDA spectrum can fit with Kissinger-type formula only when the concentration profile is approximated by the 1st term of series expansion, Eq. (13) . Such a concentration profile is obtained by exposure prior to TDA. 7) Accordingly, the dimensionless time τpre at which the 2nd and higher terms become less than 1%
of the 1st term in the series expansion of the equation of remaining hydrogen, and the fraction of hydrogen fpre at τpre were calculated. Results are shown in Table 1 . If pre-exposure is conducted to achieve the fraction fpre, the spectrum will fit with Kissinger-type equation no matter how the temperature is varied thereafter. In order to see fitting with Kissinger-type equation simulations are conducted with EB=60 kJ/mol. At this binding energy local equilibrium is achieved with p0 greater thañ 10 5 s -1
, as judged from the ratio of trapping to detrapping frequencies close to unity during TDA. These parameters could be applied to trapping at the interfaces of alloy carbides in high strength martensitic steels. 11, 16, 17) Figures 5(a) through 5(c) show simulated spectra of plate, cylindrical and spherical specimens pre-exposed at 100°C until the remaining hydrogen decreased to ~0.2 (< fpre) with p0=3×10 5 s -1 . At a small specimen size the spectra fit very well with those simulated from Kissinger-type formula incorporating coefficient A defined above, whilst the peak height becomes smaller at a large specimen than those calculated from the Kissinger-type equation. In a previous study 8) this was noted as a reduction in coefficient A in fitting the spectra. Figure 6 shows the Arrhenius plot of Deff at EB=60 kJ/mol. It is expected from its derivation that the limit of applicability of Kissinger-type equation in diffusion-controlled desorption is the limit of the low temperature form of Deff (arrowed). Indeed, the peak height is significantly lower than that of gray curve in specimens of a=10 -2 m, see Fig.  5(a) etc. However, it is noted that the peak temperature agrees quite well with those of Kissinger equation even if the peak temperature is close to the limit temperature. Thus, in this condition one can evaluate the detrapping energy from the Choo-Lee plot without much concern about the limit of applicability. This is also a case with trap of a smaller binding energy because both the peak temperature and the limit of low temperature form of Deff decrease.
Choo-Lee Plot in Diffusion-controlled Condition
Since TDA spectra can fit with Kissinger-type formula in Fig. 7(a) , ln(φ/T p 2 ) vs (1/Tp) plot fits a straight line very well and moreover, the slope yielded Ed=64.8±0.4, Ed=64.6±0.1 and Ed=64.4±0.02 kJ/mol for spherical, cylindrical and plate specimens, respectively. Thus, the Choo-Lee plot does reproduce the detrapping energy (Ed=64.5 kJ/mol) and thus, is very useful for the evaluation of detrapping energy in the diffusion-controlled condition.
Lee and Lee 7) proposed a different dependence of peak temperature on ramp rate in the diffusion-controlled condition, which is expressed as, As seen in Fig. 7(b) , this plot again fits a straight line very well. However, the slope yields Ed=68.9±0.5, Ed=68.8±0.08 and Ed=68.9±0.05 kJ/mol for spherical, cylindrical and plate specimens, considerably greater than the expected Ed value. As described in Appendix, the derivation of Eq. (18) by Lee and Lee 7) seems to have a problem; they differentiated the diffusivity in the equation which is applicable only to isothermal diffusion and treated the derivative as if it had a non-zero value. To the best of the authors' knowledge the plot proposed by Lee and Lee has not been applied to experimental TDA spectra.
Summary
The validity and limit of Kissinger-type formula in the application to thermal desorption analysis of hydrogen was assessed semi-quantitatively. It has been verified analytically and numerically that as long as desorption occurs from traps of a single binding energy, the peak can fit with Kissinger-type formula in not only detrapping-controlled, but also diffusion-controlled conditions in which local equilibrium of hydrogen concentration is achieved between the lattice and the trap sites.
In the detrapping-controlled condition one can evaluate the activation energy of detrapping and the pre-exponential factor of detrapping coefficient from one TDA spectrum if the specimen size is sufficiently small and the ramp rate is not too fast. The limit of applicability is that the ratio of trapping to detrapping frequencies is sufficiently small and the peak temperature has to be so low that the diffusion time is substantially less than the time interval of detrapping.
In the diffusion-controlled condition one can evaluate not only the activation energy of detrapping, but also the density of traps from coefficient A which depends on specimen size. Pre-exposure for a sufficiently long time is necessary prior to temperature ramping, the duration of which depends on specimen shape. The limit of applicability in this condition is that the peak temperature is lower than the temperature at which the effective diffusivity begins to deviate from the low temperature form.
It was also shown that the Choo-Lee plot is useful in the diffusion-controlled condition because the peak temperature of desorption agrees with Kissinger-type formula even if the effective diffusivity deviates substantially from its low temperature form. A plot proposed by Lee and Lee 7) for diffusion-controlled condition may not yield the correct activation energy of detrapping.
In summary, the Kissinger formula, including its derivative forms like the Choo-Lee plot, provides a simple and reliable technique for hydrogen thermal desorption analysis with an accuracy as high as that analyzed on the base of the McNabb-Foster model if the thermal desorption experiment is performed under proper conditions. 
